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CLOUD CHEMISTRY OF FALLOUT FORMATION
FINAL REPORT
by
J. H. Norman and P. Winchell
teneral Atomic Report GA-7597

SUMMARY

A transpiration method was used to measure Henry's law constants
as a function of temperature for cesium and rubidium dissolved in eutectic
CaO-AlZO3-SiOZ. Diffusivitics of cesium, rubidium, potassium, sodium,
indium, tin, and iodine in this matrix and other matrices were determined
with either a vaporization rmethod or a plane sourée-sectioning method.

Results of calculations obtained by using a Henry's-law-constant
absorption, condensed state diffusion-controlled calculational model for
fission product distribution in fallout are presented. This scheme leads
to the conclusion that fission product fractionation is mainly a property
of the fallout particle size distributicn and the particle sizes under con-
sideration. Also, deviations of these calculations trom the Miller-model
type of calculation are considered.

The stabilities of the alkali metal oxides as determined by Knudsen
cell-mass spectrometric techniques are reported. The species CsZO(g)
and CSZOZ(g)' in particular, exhibit a much higher degree of stability
than has been supposed.

Electron microprobe ctudies of particles from a seeded Eniwetok
detonation are described. Thermal and chemical histories of some
pasticles are traced thro.ug'h dendritic forms, accretion evenis, occurrence
of the seeding elements, etc.

Negnits of some leaching studies, as they pertain to the condensed

finsion-controlled, fission rroduct absorption model, are presented.
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INTRODUCTION

Studies of cloud chemistry and its effects, conducted at General Atomic

during the past two years, hive been concentrated primarily in ssven creas: .

L. Measuring high temperature equilibrie between fission product \ '_.
_ elemente in an oxidizing atmosphere and molten silicates. I
i 2. Masassuring diffueivities of these fissicn prodiict elements in I A
| these silicates. |

3. Maeasuring thermodyaamic proparties of gas phase spacies. Con oy

- 4. Integrating data and councepts into & mathematical description i
of tho phenomenology impcrtant in describing the distribution D
' of fission products in faliout, S &
5. Investigating the distribution >{ fission products in fxilout. R
N 6. Investigating the biological availability cf figsicn pruducty fyor a e
j fallow:. | oo
i 7. Considaring other cloud chemistry phenomene, their Lmj-31t8280, . I'"

and how they might affect the constructed mathewadcal daﬁéx‘tptton.

Thene studies have led to & better gualitative and qmtzhL{va unrisc -~ v ! ]
. standing of the fractionation of {igsion products during fulleut formation ‘

“ and its effects.

Lot s gnoeen
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STUDIES OF HENRY'S LAW CONSIANTS

INTRODUCTION

Freviovs efforts to determine Henry's law constants for cestium in
silicates have been described in earlies reports. (1.2.3) Because of
~ kinetic dufficulties and other experimental problems encountered in these
cprevioys !fudiel, an effort has been made to perform transpiration studies
under inoz;e f{avoruble conditionsy than were used beiore. The earlier
trasnspiration studies were made at flow rates between 5 and 200 cc CD2 fmin,
waere diffueion elfects were believed to be rete-limiting. That is, at gus
flov. ratee of leas than § cc/min, difiusion through the capillary was
’m-a.;}(h\g vepor pressure melluramentl. and at rates greater than
5 t.-c/r:um.. mw\dnaled rtate diffusicn was believed to be limiting cesiim
awmnbdlity For the pre sent studies, two improvements were made in the
2ru-piutl§n ‘aya'«-m The firet inprovement was to greatiy reduce the
diameinr of the upm,qry s that the rate of diffusional transport of cesium
through the capillary was loweresd oy about a factor of ten, The second
improvement was to develop a method of data analysis which allows vapor
preasure munﬁrcmmu to be made in the preseace <¢f considerable
diffusional flow. ‘

In order to understand the new method, it ls necessary to consider
the diffusional flow-vapor pressure coupling. Me rtan“) has presented an
analysis of the ulug flow.diffusional flow problem for transpiration studica.

The result ho obtains by assuming that the vapor flow k (mass transport
rate in the vapor) through a transpiration capillary of length % aad crows-

seclionnal area A can be described by

k=alve-piE. (1

ax
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INTRODUCTION

Previous efforts to determine Hentry'a law constants for cesinm in
b oLy 3
silicates have been described in earlier reports. (o2 d) Because of

kinetic difficulties and other experimental problems encountered in thene

< ——————a

previcus studize, an effort has been made to perform transpiration studion

under more favorahle conditions than were used before. The qarlier

trenspiration studies were madn asy {low rates between % and 200 cc O /min,

v where diffusion effects ware beliaved to he vate-limiting. That s, at gas ‘\ 5
flow rates of less than 5 cc/min,. diffusion thr‘uu'gh the capllary was L
‘ maskins vaner pressure measurements, and at raves greatsr than

; 5 ¢:/min, condensed atae diffusion was helieved to be lirniting cesium

avallability. For the presunt studies, two Improveinents were made in the

! transpiration system. The [irst improvement was to greatly raduce the

diamneter of the caplllary so that the rate of difiusional transport of cesium

through the capillary was lowercd by about a {actor of ton. 'Lhe second I
improvement was to develop a method of data analysis which allows vapar

preseure measurements o be made in the presence of conslderabls
ffulional flow, ' .

In ovder to undarstand the naw method, it is necauury te consider
the diffusionnl {low-vapor p:euuw cuupung. M.‘srton(‘} has prasanted an

enalysis of the slug flow.diffuslonal {low prcblem for transpiration studies.

The result he obtains by assuming that the vapor fiow k {mnacs transport
rate in the vepor) thraugh a transpiration capillary of length & and crocs-

“ sectional area A can be described by

e i e s ot o

P

de
k’A(VC'Ddx)' (1)

NS -




where.V is the linear ga.bs velocity, c is the vapor density at any point x

in the capillary,and D is the interdiffusion coefficient for the carrier gas

and the vapor.
Equation (1) can be evaluated for the inlet and outlet capillary boundary

conditionsx = \; c = A and x=0; ¢ =0, which leads to Merten's final equation

where P is the species pressure at x = \, v is the flow rate through the

capillary in volume units, R is the gas constant, T is the absolute tem-
perature, and M is the molecui_ar'weight of the species. This equation
can be reduced to a type of universal equation for the purpose of data-
fitting:

K= —, (3)

where K = k\ RT/DAMP and v = \v/DA. A log-log plot of Eq. (3) is
presented in Fig. 1. The value of this particular plot becomes apparent
when one considers the asymptotes. As v goes toward zero, K goes toward
unity; and as v goes towérd infinif‘;r; K goes toward v. To fit transpiration
data to this equation, one has just to plot the logarithm of the rate of
transpiration, k, versus the logarithm of the flow rate, v, and fit the
experimental curve to the universal curve by simple axes translation.
From this ''best fit, '' one obtains the '"best' experimental values of

DA/N and MP for the experimental temperature involved.

EXPERIMENTAL STUDIES OF CESIUM AND RUBIDIUM

The type of data analysis described above has been used to study the
vaporization of cesium and~rubidiurn from the 1450°C eutectic CaO-A1203-
Si,O2 as a function of temperature at flow rates between 0. 01 and 8 cc/min
of carrier gas. The carrier gas composition was varied from oxygen to

argon, to air, and to water-saturated oxygen.

4
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The sxperiments were performed with the transpiration apparatus .

shown in Fig. 2. A samplé of the eutectic sillcate loaded with either i

L g L eormars A . A S ot e -+ e

radiocesium or radiorubidiura was placed in the bottom of the transpiration i
tube. The caplllary tuhe waw inserted in the yample-containing tube,

! and the aystem was then installed in a platinum reasistance furnace The

i temperature of this ternperature-regulated furnuce was measured by a
series of thicrmocouples which had been calibrated against a standard
therrnacouple probe placed in a tube similar to the tranapiration
epparatus and similarly located in the furnace. Actual samgle te;liperlturel
were then measurad with the calibrated thermocouples. Durl:\é an

s experiment, the carrier gas was passed between the capillary tube and

- ~ the sample tube and into tho_sample regicn. After becaming saturated

with ceslum or rubidiun"n the gas passed up the capillary. At the erd ot Lom

T ¥
IS

! the capillary, a mullite tube very effectively removead the alkali metal

R

¢ vapor speciens fram the o‘_:g_r_xi‘e:&gno. After thig tube was detached frem. . . P

L )
)

the experimental lppix;ltull the amount of sliall metal that was tranapired

el 0
A

and caught on the mullite was determined oy counting metheds and related . .

to the measured flow rate of gas und the apecific activity oé the alkall

. !‘
b A

1
v
SRt
- 12
il e a5

metal. For any subsequent experiment, & asw mullite tubgl.'\qp }\n.r\tl.allagl e amy
{ to collect moro alkali raetal vapors. . ‘
k. ' 'Examplu of flow rat” data for cesium and rubidium are pldttod in
" Figo. 3 and 4, reapectively, with theoretical curves included fot comparison,
_ Vapur prassure data {roin the varisd-temiperature experiments are pre-
; sented i Fige. 5 and 6 for cesium and rubidium in terms of Henry's law
constants. The equilibrium Leats measuved for these two aylt-emti were
o 79 and 83 kcal/mole, respactively, ‘Those data ippeu to be reliable.

It is interesting to note that measured vapor pressures of rubidium

did not exhibit a measurable dependence on currier gas composition. This

kS
*
U

< result, which can be seen inFiga. 4 and 6 appearedvery controversial when 4
?." it was first achieved. That ia, it was believed that tho alkall metals weres ;

1“,4 dissolved in the silicate as a univalant ion and vaporized as the metal, v ;
"‘T 6 R
o ol X
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How;ver. the present data support the concept of the vaporization of a

éompound in which the alkali metal is univalent but is not the hydroxide.
Since the discovery of volatile alkali metal oxides and silicates, this result
appears reasonable. The actual species transpired in these studies,

however, remains unknown. Further studies may help reveal some more

of the chemistry involved.

OTHER STUDIES

A study has been made to demonstrate the low absorption of iodine

in a silicate from an oxidizing atmosphere. When iodine in O2 was
passed over eutectic CaO-A1203-SiOZ at IZOOOC, the sample was found

to pick up 0. 07 ppm iodine. Based on an estimated experimental iodine
pressure, this sample has a Henry's law constant of 1. 3 x 10-6 g iodine/g
silicate-~atm iodine at the experimental temperature. This value is even
lower than that suggested in an earlier report on Henry's law constants in

-

silicates(s) for the reaction

1/2 SiO, (sol) +1 +1/40,=1/2 Si0,~ (sol) + I(g) .

2

The experimental and calculated values indicate iodine to be so volatile
during fallout formation that a more accurate value of the "Henry's law
constant" woul& provide essentially no added information.

Indium transpiration studies have also been attempted. The volatility
of this element appeared to be very low. In such cases, the actual value
is unimportant in fallout. Transpired indium was not definitely identified
in these studies. It was found, however, that platinum metal absorbed
considerable indium from the 13(),00 to 1500°C glass even in an oxygen
atmosphere. Indium studies have been abandoned.

(5)

The earlier report on '"Henry's law constants' in silicates

includes values from the studies made at General Atomic and estimates
for all important fission products and some activation products not

(6)

studied. This report plus one on diffusivities and another on the

12



condensed state, diffusion-controlled absorption model will provide infor-
mation to aid in calculating the fate of various nuclides during fallout

formation according to this model.
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DIFFUSION OF RADIONUCLIDES IN MOLTEN SILICATES

INTRODUCTION
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‘ In Ref. 2, atudies of diffusion in molten silicates were described.

‘; During the past two years, diffusion atudies have besen continued, with
diffusina coefficients being obtained fur the transport of {odine, rubidium,
potassium:, indium, tin, and sodium in the 1450°K eutectic of the

. CaQ- AJ.203 SiQ, ternary. Diffusion coefficients have also been obtained
far trmlpoirt of cesium in a NAZO-A1203-5102 matrix and ir a matrix

= having the composition of reinforced concrete. Observation that the com-

psnsation law obtains for diffusion in silicates, combinad with » corzelation
found hetween the cosilicients in the diffusion aquation and the reciprocal,
affective lonic radius, has lad to a method of estimating diffusivities in

silicates with a minimum of experimantl effort

T

mﬂ?ﬁ v R P R x e}

- The plane sourcs technique and the vaporication technique, as
doscribed in Ref. 2, ware used to obtain thq data contained in the present
report. For the rubidium, indium, and tin studies, ud{onucudu
purchased from Oak Ridge National Laboratnry (ORNL) were introduced
into the silicate matrices at the 1% Jevel. In studies lnvolving cesium,
potassium, and sodium, carrier nuclides ware intraoduced ianto the sillicate

inatricas at the 1% level and then activated by neutrons in the Geaeral

\:z.w, 1 Atomic TRIGA _eactor to provldo radioactive tracer lsotopes. Attempte
f.pffj to directly introduce fodine into the matrices wers unsuccessful. Howevor,
ﬂ; ‘ this problem was resolved by introducinrg enriched T°l30 into the sillcate
'f} , and activating it in the CRNL research reactor tu yleld 1131. Thren
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DITFIISION OF RADIONUCLIDES IN MOLTEN SILICATES
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| INTRCDUCTION

I+ Ref, 2, studies of diffusion irn molien silinates were duscribea
During tne prst two years, diffusion atudies have been continued, with

diifusion coeificients heing obtained {or tha traneport of lodine, rubidium,

potassiun, indium, tin, and sodium in the 1450°K autectic of the
CtO-A1203-5102 terrnary. Diffusion coefficients have alsc been aobtained
for t*ansport of cesium in a 1\1 0-A1,0,-8i0, matrix and in a matrix

273 2
having the comgposition of reir;forced concrete. Obaervation tliat the com-
penaation law obtaine for diffusion in wilicates, combined with a corralation
! : feund between the coeilicients in the diffusiun equation and the reciprocal,

effsctive lonic zadiue, has led tc & methad of estimating difiusivitias in

’ » pl.icater with & minimum of experimental elfort,

| METHCDS
¥ The plane source technique and the veposization tachnique, as

J described in Ref. 2, were usad ‘o obtain the data containwd L. the present

! report. For the rubldium, indium, and tin studies, radionuc!'dean

| purchased from Oek Ridge Natinnal Laboratory (ORNI.) were iniroduced

| into the silicate matrices at ti.e (% lovel. In stud'ss involving cesium,
pctasriurn, and sodium, carrier nuclides were introduced into the gilicate
matrices at the |% level and then activated by reutrons in the Genc il
Atomic TRIGA reactor to provicde radicactive tracer iactopes. Atternpts
to directly introduce iodine into the mairices were unsuccessfu.. However,

this preblem was resolved by inwroducing enriched ’Ie“o into the silicate

and activating it in tha CRNL research reactcr to yield I”l. Three
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l silicates nave been used with some or all cf theege tracers. The com- . u
positions of these gilicates are gisen in Tabdle |, :
[alle |
COMPOSITIONY O SILICATES USEL
i IN DIFFUSION STUDIES
' iy weight percint)
L r o Matdx
! Compa'*r'n* E‘a I RC { AQ
i SiC, 152 0§ 480 | 4.0 B
i 147 | 13« 4 Y
E AJ.ZQS | { } Q |
; Cal 22,3 1 105 Lo
i Ne,0 | | @ |20 AAJ:
! . '
( FQ203 0 10,3 | | . o S R Ei
' | , MgO 4.5 | L. o R
i o K,0 'i‘hﬁ‘ | PR
f '
Sb203 | o0 : < |

:D. 450 X eutectic, : .
lOl‘ X euteotic, _ o . A B

All oltnese matrices were glatsy L nature before ad a.xt‘er e : I
experiments except for the RC nuiatrix thut was umed in the (owest-
tamperaturc experiment. Metrices E and AQ mey be taken as rej,resenting
geologically comumon soils, Matrix KC han 2 composition siu.ilaz to that

| of reinfor-ed consrete and certain basalia.

RESULYS |
Exan.ples of data obtained with the plane source technigue and the v
!
vaporization techrique are shown n Figs. 7 and 8, respectively. These i
{ data have baes found to exhibit an Arrhenius dependence of the diffusivn . :;
E coefficiert, D, which may be written as v ?{q‘
log Ds A -BT ', (1) Yo
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Fig. 8. Example of data from the vaporization technique for radio-

rubidium transport in the 1450°K eutectic of the CaO-Al

ternary at 1722°K
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i . where D is in cm mec ~ and T is in K. The coefficient B is related to 3
L] PL

!

the activation energy E* by '
E*=2 303 RB , | (2) |

where E* {8 in kcal mole’

The results of thcae experlments are presented i1 Table 2 and in
I'igs. 9 through 16, where all of the cata 'ave been tveateqd Ly the mathod

of least squares with unit weighting. The uncertainties are 450% for [

— o —

and 210°K for T. The uncertainty for D is not a standard deviation but

{ oo eE Tdpeludes, for example, compositional uscertainties.

. Table 2 e

DIFFUSION COEFFICIENTS FOR TRANSPORT OI*‘
. ' SR s RADIONUCLIDES IN SILICA'I‘ES

T -

Spacies | Matrix A

L Ye——

x 10" ' ]

rs

:

; 22. %
2.. 4

o I ‘
‘ ”“JCI \
| S l

7!
6.
4

™nN — N
~3 GO O
L

18,2 o _ o :}
17,1
18.3

3, 80
3, 87
2. 49 15,7
0. 14 10, 0
Q -2, 34 5 7

R
K
) In
‘ - 8n
! e . .Na
. Cs

1M

DISCUSSION

If one considers the values for A and B given in Table 2 aad in a pre-

! - (2)

; vious report on diffusion coelficianta, one finds that a siriking linear cor-
relation exists between these values. This correlation is shown in Fig. 17,

where the least squares line drawn through the points was determined to be

w.th B assumed to be measurwd exactly., The ubpcertainty that has been

(6a)

I3
.

associated with A is the standard error of estimate which ccrresponds

-
IR X
- ”

As0.825 5,79+ 9,864 B x 1077, 3) g
‘ to an unicurtainty of & factor of 3.3 for the diffusion coefficient, a remark-

ably smull .certainty. 19
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Fig. 9. Diffusivitien for transport of zadiolodine in 1480°K
eutectic Cl.O-AlZO3-SiOZ using the vaporization technique
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It is of interest ©o compare the results from this Laboratary with
those reported by other laboratories. At General Atnmic a set of more
‘har 100 (A, B) points, including the 17 from the preasent studies, has
beer compiled. Thie collection, which is shown in Fig. 1§, includes
results of studies of the fol'owing nuclides ciffusing in many different
gilicate matrices: magn=sium iodine, cesium, ruvbidium, potassium,
todium, littium, indium, tellurium, tin, antimony, molybdenum, strontium,
aluminum, calelium, Pho-pborul. sulphur, xilicon. nrickel, iron, vansadium,
alobium,. and alver, " Tha matrices range from simple blnary silicates

to very romplex onea exhihiting a wida range of chamical and physical

-properties. The approximate tomperamr‘q range cuvered by the various

studies was 300° 16 2000°K.  Abuut 26% of the data are for diffusion of
rodium in low melting binarva and tern‘nryu. Bocause the sodium data
are very similar and somewha! repetitiouds, they have been grouped and
are repreosented in the culculations and in Fig, 18 as four pointa, A least
squares treatment of all the dUfusion datd yielded
3

Bx107 a0 6n 9.4+, 88 A, T @)

The standard arror wf estirnate corresponds to san uncertalnoty for the diffu- |

son coelficiant ofa factor of 34 et 1700°K, which suems excessive. However,
considering that ths data were reported by many lavoratorias throughout
the world, that Jeveral experimnantal tachniques were used, zad that very
diverse systems are correlated hare, the cverall A:B correluation is
surprisingly good It is notud that tertain subsets ol the duta exhibit A:B
correlations which have leas siatre: thin has the entire collection

The importaize of the A!B correlation to the fallout problem lies
in i{ts potential volue ds & *tcol for predicting diffusion coefficients. The
need for a means of predicting diffusion cosfficients becomos obvious when
the effort involved in a puiely axperimental program for determining
diffusion coefflcients for the large array of soils and nuclides of {ntereat

{in fallout formation is considered Thus, with the use of the A:B

29
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currelation, if a value of A (or B) can be obtained indepencdently of B l

(or A) a -“iffusion coefficient can be predicted for trar spor: of a particular

nuclide in a particular matrix. It should he emphasized, however, that

| although the A:B cor relation seems reasconably matrix-independent,
individual values of A (and B) are strongly Je«pendent upon comyprosition.

One secondary result ¢f the overall A!DB correlation is worth noting.

- From Egs. (1) and {4), one finds that, tor the present studies only and :
. within the uncertainty of the correla.tioﬁ. all nuclidzs should have a vt Hf |
diffusion coefficient of ~107 ' cm’ sec” ' at ~1580°K or a slightly higher ‘
temperature. It is felt chat this {s nct a travial reeult hut is seaocciated ' :

with the nature of the syatem.
Fwidently, the A:B correlation found for silicates {a only a special

case ol what is called the gompensation law or compensation effect,

Another example of this phenomencn in chemical diffusion is found for

‘diffusion in metallic coppar(” (see Fig. 17%). Other examples are to be

- R -
found in many other types of kinetic processes. As Ruetschi poincs out,( )
the A!B correlation hans been observed for kinetics of homogereous anc
heterogenecus reactions, for diffusion, viscosity, semiconductor con- )
ductivity, and electron emissicn. It has also been observed for dielectric *
(%) Lo (8)

Ruetschi

relaxation in a variety of glassy mateiials. has published

a theoretical treatment of the compensation law., He has shown that if the =
putential eneryy dependeiice on interatomic distance i3 anharmonic

(e. 3., exponential), and if this dependence does nct vary greatly for a
set of similar processes, a correspondence between A and B should be
1 observed. More simply, within » series of compensated reactions there o
is a direct relationship between force constants of a vibraticnal system

which {s governing the diffusion {in this case) process and the bond

i energies sasociated with thia system.
. With the ability to obtain A from B or vice versa establiahud, the

establishment of either B or A remains, Some progress toward simplifying

. this problem empirically has been made. An empirical approach to the
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problem of prediction was employed pecause therec appears ‘o be only

very liniited tnecry avalleble with which to . -...ct diffusivities in ¢ilicates.

When the data {or diffusion of cesivm, rubidiumn, and sodium in matrix E
from this Liaboratory were coaeidered, a llnear correlation was observed
between A (or B) and the reci_rocal ionic radius, r-l. The reciprocal
ionic radius wasg chosen as a parameter because binding Jorces in minerals
are often considered on the basis of the ionic potential Z/r, where Z is

the formal charge of a cation and r is the corresponding ionic radius. (10)
On the basis ~f the correlation for cesium, rubidium, and sodium, values
of A and B were predicted for potassium before the experiments for
potﬁuium were initiated. The experimental values agreed reasconably
with the predicted values, as is shown in Fig. 20. Alsyo, it was Jater
established that the value of A obtained for lodine fittad well in the A:x-'l
correlation tor the four alkalies if I'1 was assurned to be the diffusing
species. Thus, if this correlation holds {n anocther system two measure-

ments will suffice to eatimate diffusivities of many clements.

It {sa necansary to include in any system the muultiply charged species,

Diffusion measurements have bean made for indium, tellurium, tia, anti-
mony, and molybdenum, but aitempts to include them diroctly in an overall
A'Z/r correlation wers not successiul. Qn the basis ¢f the present
limited data, an empirical effective ionic radius uppears to allow
representation of multiply charged spccies. Thus!

1. For singly charged speciea, the effective lonic radius, p, {s
identical to r. For halides, r = p is that radius corresponding
to the X'1 oxidatian state.

2. For multiply charged specles, ths effective lonic radius is
p = 1,59 r, where r is that lonic radius corresponding to the
mourt probable oxidation ztate in the silicate at high temperature.

This correlation for the present rerults with matrix E is shown in Fig. 21,
in this figure, the line drawn through the points resulited from « least

aquares treatment of the cata which gave
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Ca.O-A.l‘ZO;?;-S1O2

34

B X 1073



Fig. 21. Correlation between A inlog D = A S BThl with reciprocal
effective ionic radius for diffusion in the 14%0 K eutectic of the ~aO-

AIZO3~S1O2 ternary
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A:0.38=l2.35—11.58p'1 , (5)

where (he uncertainty is the standard error ol estimate, Thus, fron
Eqgs. (3) and (5), one obtains

] 1.1

(lcg D) +0.86 = 12.35 -11.58 p'1-32.1ex103r' $20.53 x 10° pTT (%)

from which the diffusivily of eome particular epecies in matrix E can be
found. It is emphasized that Eq. (6) pertains only to the 1450°K eutectic

of the CaO-Alzoa—SiO ternary. The coefficients in Eq. (5) may change |

styongly if another znaztrix is considered.

If these A, B, p'l cerrelaticns were to hold for anotuner matrix, then
only two diffusion meaasurements with t@o different species at T ¢ ~1600°K
need be made with the new matrix {n order to make diffusivity predictions
for cther specias {n this matzix. The value 1. 59 as applied to polyvalent
species alone is not scientiflcally pleasing, &nd it will be necedsary to
attempt to clarify the A:p'l correlation further, N

Tha A:p'=1 correlation found in this Labcratory can be tested some-
what. Ralkcnu(1 L) has reportec diffusivities for transpoit of strontium,
cesium, potaswium, sodium, and lithium in a low melting silicate; for the

four alkalies at one temperature, her data are given as a linear dependence:

log Dem+np b . - (7)
From hev data and Eqs. (1), (4), and (7), cne {inds

A:O.09u0.36-3.64p-1 . (8)

This rewsult is shown in Fig, 22. It is noted that the value for strontium
is in good agresment with the other species if 5(Sr) = |, 59 r(Sr+z),

A report treating diffusion in silicates as it pertains to the fallout
problem is being prepared at General Atomic. Included in this report will
be a more detailed discussion of the A!B and A:p.l correlations and pre-
dicted diffusivities for a nuinber of important fission products in at least

three silicates.
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STUDIES OF THE THERMODYNAMIC PROPERTIES
OF GASEOUS SPECIES

INTRODUCTION

Interest in the behavior of cesium and rubidium during fallout for-
mation has led to an investigation of the vaporization of the alkali metal
oxides. During the present reporting pexriod, an article entitled "Knudsen
Cell Measurements to Determine the Stabilities of Gaseous Cesium and

(12)

Rubidium'' was written. In addition, an article on the gaseous alkali

metal oxides is being prepared for submission to the Journal of Chemical

Phxsic s.

Silicate studies have been made for the purpose of correlating the

gaseous cesium oxide studies with transpiration results presented in the

present report.
Mass spectrometric studies of the gaseous cerium oxides have been

initiated, and preliminary results are of considerable interest.

GASEQOUS ALKALI METAL OXIDES

In 1951 Brewer and Mastick(13) calculated the stabilities of the
gaseous MO alkali metal oxides. Their results suggest that only LiZO
is stable enough to be easily. detected. Indeed, they calculated that the
stability of these oxides decreases in the series lithium, sodium, potassium,
rubidium, and cesium. Cesium-oxygen bond energy was calculated to be
12 kcal/mole. In studies perfnrmed under the present contract, a
measgsured value of 69 kcal/mole was obtained for this energy; that is,

gaseous CsZO is a reasonably stable molc-ule. Other MZO(g) molecules

haive been experimentally judged to be reasonably stable also, though less
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so than CsZO or LiZO. It is believed that the main reason for the high

degree of stability lies in the high polarizability of the larger alkali metal
jons, as has been suggested by Klemm and Scharf. (14)
The thermodynamics of the gaseous alkali metal oxides is summarized
in Table 3, the heats of formation are second law heats and the entropies
were derived from relative ionization cross sections and a pressure
calibration. The uncertainties in the heats thus must be reflected in the
TAS term and an additional uncertainty from the pressure estimates
combined with it to give entropy uncertainties. Temperature errors

during these studies are believed to be small.

Table 3

THERMODYNAMICS OF FORMATION OF GASEOUS ALKALI
METAL OXIDES FROM GASEOUS ELEMENTS

-AH -AST | T
(kcal/rr;Ic;le) (e.u.) | (°K)
LiZO 104,81, 4 28.7 {1500
Na,O 59.3%+2.2 | 35.9 | 1100
K,0 58.2+3.7 | 36.8 [ 1050
Rb,O 51. 43 30.5 {1100
Cs,O 77.1%6.3 | 34.7 | 1500
Cs,0,| 98.6%6.5 | 53.6 | 900
CsLiO | (90)

\
The LiZO studies can be compared with those of White, et al., (15)

in which a very simiiar second law heat was measured but the entropy
term was taken not according to cross sections but to Li O transport in
vaporization experiments. The latter approach apparently is the reason

for the differences between the results obtained in the present experiment

and the results of White, et al.
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The data of Table 3 point out the etability of the alkali metal oxides
and suggest a considerably different behavicr for casium and ruhidinm in
faliout formation than had been suggested in the case of low oxide atability,
f A more complete cegcription of the findings described above can be

found in Refs 12 and 16

K CESIUM SILICATE STUDIES

The results of cesium and rubidivm :ranupiratign studies have
suggested that an oxidized netal spccies {s imrportant, and the recults of
masE spectrometric stucies have pointed out the impor:ance at the oxide
3 species of these metals. An attempt was made to correlate these stucdies
! by cbserving through mass spectrometry the molecules effusing from an

iridium Knudsen cell in which cesium oxide was dissolved in a calcium
Gaseous specics recognized in this study were

and CalrQ
n

sluminum ailicate sample.
o \ ‘ McO,.
| Ca. Cs,0, c-zs.oa. Cs,Mo0,
| less), .The Cs MoO4 was from a molybdenum cell coataminant,

2
Expecting the Cs to be the dominant cesium gaseous species during f.ll-

(where n = 3 and possibly

cut formation seems unrealistic, since it has been determined that the

cesjum-oxygen bond energy is 69 kcal/mele. This is suificient reason to

believe that cesiwum in an oxidiaing atmosphere at temperatures of interspt

to fallout formation (1000° to 2000°K) will tend to be bound to oxygen

in nome way. ;
On ths basis of the mass specirometric work performed, it appears

that & molecule similar to the casium silicate gaseous molecule may be

tmportant to fallout formation. Cesium hydroxide ahould alsc be considered

as a gassouw species possibly important in fallout formation.

CERIUM OXIDE STUDIES

White, et al. ,(47) reported the presence of Cqu(g) in a study of the

vaporiration of ClOz(l), The presence of this sprcies has baen conflrmed
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in this Laboratory. In fact, when an iridium Knudsen cell initially
containing CeOZ(s) was used, CeOZ(g) was the only species observed to

- be effusing from the cell. Over Ce203(s) the species CeO(g) has beep
observed, and over Ce203+x both CeO(g) and CeOz(g) have been observed.
Measurement of the stability of CeO,(g) by proper chemical manipulation

is planned.
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A CONDENSED STATE, DIFFUSION-LIMITED MCDEL
OF FISSTON PRODUCT ARSORPTIONIN FALLQUT

In tha last ruport,(27 it was stated that it seemed possibie to construct
a mathematical model emrmploying diffusivity as rate limiting in the absorption
of tission procducts curing failout jormation, A report has since been pre-
pared which describes such a calculational program.(é) The basic calcu-
lations involve a time-tewn.perature stepping system with mass balances
made at each step, in which the surfaces of sll particles are assumed to
achisve equilibrium with the gas phase but the penetraticn of fiasion products
into (or out of) the fallout particle is considered to be diffusion.controlied,
This is done for a fleld of various-sized silicate fallout particles which

are asaumed to be nonvolatile, internally nonconvecting, and nonaggloinera.
Finslon products arc decayed after each time~tempurature ktep, and
Cloud temperatures

ing,
up to six isotapes in a decay chain can bs handled.
are taken to be homogeneous in the expanding cloud volume, as alsc are
particle distribution and gasecus fission products. Cloud volumes and

temperatures are provided to the system a3 step functions of time as deter.

mined by the yield of the device. Fiswion product vields, cloud scll content,

initial temperature, {inal temperature, and temperature intervals are alsa
inpuat information,

Some of the results of sample calculations obtained using this program
ave als) considerod in th's report, Jnthesw culculations examnples of w
ratractory rnd a volatlle chair, 95 and 137, renpectivaly, ware seiecied
for study. Thae results should demonatyate *he diffearence in Lahavior for
ex.Te: g canes with varying conditiens und thus provide limits ou bebavior.

In these sumple calculutions, Niveball volumens weore scnled acrording to
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was also scaled according to a2 descriptien by Miller, ! the stendard

I
"

"

‘ /18\ .
1 N N v \ i - i N N N -
! Miller 's description; the standard armount of soil brought intc the clouc '

particle diatriburinn wWaR devalaned from

(9}
o

a

(4]

d by Mill
law consiante were aken from Norman; ' experimental and estimated

diffusion coefficients were employed as measurecd or estimated in stucies
.

ST
13

reported here and in a previous report;( ' initial figaicn procuct yields

(19)

were taken according to Crocker;

0)

, (2 e ‘ .
Scheidt, and Conners, and total fissions were scaled ay a function of
18)

half lives were taxen from Crocker, i

] l weapon fission yield accerding to .\/iillur.(
3 ‘ Several progrant variables were investigated in order to demonstrate
the degree of dupeﬂdence of the calculational system on these variables.
For instunce, the variation of results with the slzc of the temperature
increment muat be va:‘n‘.lhing]y small for the selected temperature incre- o

rment a8 smalleyr increments aro consldered. Also, the veristion of resclts

with choice of initial and {inal calculational ten:peratures should be defined. o

Finally, the fact thet the particle size distribution employcd (s idealized-

that {5, some selectet redil ropresent all of the maws of the particies= .

was considered. These voints wera invasatigated and seem to be satisiac-

torily understsod at s cumenatrated in this report,
This investigation demeonstrated the effecta of condenied state difiu.

slon in o failout calculational model emibodying this phenomenon, .t is

e g

interesting to comparo results using this system with the Miller model.(m)
- where diffusicn in deemed infinitely faet above 1673°K and nogligibly slow
, below this temperaturc, Far the case of the highly abscrbed nuclide chain, i
' the culy noticeable ciffersnce s that the culculutiona for tho laxger particles

in the diifusion-controlied model suggest that equrlibrium conditions may

| not be attained Ly these particlas during fallout formation, Equllibrium :

vonditions are sssunied by Miller. In the cawe of a volatile chain, the

dif{usion model precicts an abuworption bahavior which varies with particle

]
Miller, C. &, private communication, November 1905,
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size. Miller's model assumes no absorption difference with particle size.

In the diffusion model, cooling rate will slightly affect absorption, while in
Miller's model it will affect absorption only to the extent that this quantity
interacts with fission product decay. Radial concentration gradients are
predicted and demonstrated in the calculational report within a fallout
particle with the diffusion model, while with Miller's model there are no
concentration gradients within a particle, only at the surface of the particle.
It seems reasonable to state that the diffusion model provides a more reveal-
ing and perhaps a more accurate calculational tool for considering fallout.

It is, however, a limited model, and the assumptions underlying the develop-

ment of the model should not be ignored.
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ELECTRON MICROPROBE STUDIES

During the present reporting period, electron micropreche studies

FTRPUIIE VL, Worraen

on sectioned cullected fallout were continued. Previously, inhomogeneities,
examples of accretion events, and lead coats far particles from shot L
(2) \

Johnle Boy had been demonstrared, ~8 a result of those studies, it was 1

proposed that an Eniwetok detonation that was seedesd with various minezals |

be inveatigated specifically to determineg the distribution of these minerals.

The results of this investi gation are doacribed balow.

S On the ground under a relatively small tower ahot, large quantities
of the minerals KAIS{ 08' 81504, Sioz. TiOz. and Zr$i0, were spread.
b These minerals wore lncorpsrated into the nuclear cloud and became
distributed in the failout from this cloud. A bottle of coral sand ana fallout

wag obtained frum C. E, Adams of USNRDL for the purpose of atudying

the nepding eleiments in the fallout.

; Fallout particles in the coral sand could be recognized using auto-
l radiographic techniques., By using these techniques and developing some
i familiarity with the appearance of fallous particles, nuost of the radicactivity

in tha sand could be selectivaly removed with a relatively minall number of

!

i particles. A total aof 75% of the Cobo. 53% of the radicisotopes (Eulss. etc, )
4 causing the 0. 080 MaeV radiation, and 17% of the Cl1 AT was removed in this
} fashicn. The (:l137 appesared to be rather gnntr.nlly distribated in the
i

coral sand aw {f {t wore mainly deposited on the sand itself. This might 7
have occurred whan X|137 decayed to Cll” and depoaited on the sand or ’ l :

rossibi, on some tarry material which later becanie associated with the

' vand. (A tarry, HClirccluble material was found to contain conaiderahle

c.137‘)
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Three types of fallcut particles were recognizec: |

l. Blacx spheroidal particles, often ceramic coated.

2. Ceramic apheroidal narticlam varying in coler.  Scvera )
were ofter found fusad together,

3. Irregular ceramijc particles where coral sarnd hac apparently
been exposed to a heat (and fission product) flux bur net to the
extent that the particles totally melted,

The irregular particles were more rumerous than the ceramic
spheroids and the ceramic spheroirs were much inore numeious than the
black spheres' in a given sample, they w2re found in the ratio 160:130:30,
respectively, Of the radioactivity in the described aample, the black
spheroidas contained 25%, 40%, and 4%, the ceramic apherolds 32%, 17%,

and 5% and the ceramic irregular particles 18%, %%, and 7%, respectively,

of the inotope Coso, the {aotopes giving t1e 0. 080 MeV v, and the isotope

A
! Cl1 7.

l -
| Microprobe studies auyported the belief that the irregular particles L

i were partially Diged coral sand. The surface layers of these particles

generally contained tower iron in the form of {ron draopleta and/or a

diffuse surface layor of this element. Tha seeding elements, polassium,

\ aluminum, barium, sulphur, allicen, titanlurn, and zirconlum, were dis- f’
] covered in these particles onlyin vary small amounts nearthe suifacs,. Aphoto- 9
j micrograph of an {rregular particle highly loaded with iron .ll shawn in "J
| Fig. 23n. Tigure 235 is an slectron backescatier microprobe picture and =

Flg. 2lzisan Fe Ka microprobe picwure of the same particle. The micro-
probe plctures are taken by scanning an exciting, highly focused electron
1 beam over the surface of the particle and photographing the face of an 4

oscillosccpe, where the particle responne to the exclting electron keam

is presanted am & [unction of position on the {ace of Lhe particle. In f
Fig. 23k the intensity of thy backscattered slectron signal catt be cbasrved,

This signal {s a mensitive measure of the molecular welght and topogiaphy

of the spocies being humbarded. In Iig. 2c, the inteasity of the K X-iuy .

48

1 LemT

LIV T TR PO

. ' e Lo .
S ¢ Tham o TEATLLL L



)

. . ‘ (c)
Photographs of a se:tioned irrcegular poreicie:
omicrograph: (b) electron back scattor picture,
~230 4 x 230 p {(u!l mic roprobe pictures are this

49




sadintion frooin 0S0 pProosent b oo sample 13 prasented on the C0Ope ad
a tunction of electron beam position,

The results shown in Flg. 23 provide a good description of the
particle. The microphotograph indicates a brilliantly white pavticle core
surrounded by a darker band of material which is in turn surrounded by
the mounting resin.  The particle core has been found to be a material

3

baclkacatter picture is wresented mainly o demonstrate the boundaries of

with a high calcium content {CaCQO,, CaO, or Ca(OH),)). The giecir n

the particle. The Fe KD pivcture was taken with the sample oviented
identically aas in Fig. 23b, so that superposition of these two pictures
provides proper positional informaiion. Note that the high iron ureas
near the surface seem to be coated. Also, the prectence of some iron-rich
spheroids in the irun layer {s appareat. This particle thus would seem

to represent &n incompletely melted grain of coral sand, bombarded first
with tower debria and then coral sand debris. A more typical irregular
particle would not exhlbit as much iron or as heavy a flnal calcium coat.

Asiother iron poundary te demonstrated in the Fe Ka picture of
anothar particle with a high iron content shown {n Fig. 24. This picture
cleavly demonstrates the {requently encountered directionel nature of the
iron coating.

The ceramic spheroids possesscd very many more particle structure
features than the irregular particles, but these particles also did not
contaln sufficient quantities of seeding elemonts tc warrant extensive
study.  The particles shown in Figs. 25 through 28 are interesting
exaropiuy ol Lnis type of particle.

The bright area in Fig, 25a sppears tc be similar to the central
reagions of the particle {n Fig. 23a and corresponds to a high calcium phase.
Two darker sprerical-appearing portions at either end of the particle anu
cther irregular features can be distinguished {n Fig. 25&. Tho portions
of the particle with high electron backscattering are shown in Fig. 25b;
the iron distribution in the particle is shown in Fig. 25c. The two large,
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Fig.

24,

o Ka picture of a scotioned irregnli » particle
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FFlg. 25. Photographs of & sectionud ‘'spharoidal . cramic! pacilaly,
() microphotograph; (b) vlectron back scatter picturs; (¢} Fo KO{ pletere
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I'ig, &6--Photographs of 4 sectioned ""spheroidal coramic' particle:
(@) microphotograph; (v) Ca Ky picture; (¢) Fe Ky picture
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() (d)

Fig, 27, Photographs of a scctioned "spheroidal ceramic”

particle: (a) microphotograph; (b) clectron back scatier
picture, (¢) Ca Ky victure; (d) Fe Ky pleture
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Flg. 28, Electron back scatter picture of a ssctionud
‘spheroidal ceramic' particle
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|
E iron-rich spheres seein in the micronhntnarann ava olon “onisioliated i
E Fig. 25¢. This Fe KQ picture definitely indica*es Lthe importance of
‘ agglomeration processes occusring in fallout formation.
| Figure 26 also demonstrates she agglornerative phenomenorn in
E fallout. Note that in these pictur~s the houndaries of the narticle extend
beycad the nigh iron areas. Also, spherical {ron inclusions can be seen
1 in the parvicle fas can some iron inclusions that are not spherical).
Figure 27 shows another particle 'which has experienced a high
; degrce of agglomaerat.on. The Fe Ka and Cu KG pictures are very
cepressnintive of agglomeration of high Ca-Fe spheres in a calcium-rich
matrix. Again, the eseeding elements could at bDest barely be detected.
Figure 28 {9 an sleciron backscatter picture of an interesting particle
5 where two large, calclum-iron-rich épheroidal particles agglomerated
and then were coated by a high calcium phase.
A atudy of this type of ceramic particle emphasizes the importance
. of agglemeration. Therde particles generally seem to be agglomerated
from smaller particlos and oflen are coated with a high ca’cium phase.
g | ¥hile the particler appear to have been molton, it ssems obvious that
P sorme solidification occurred before agglomeration. Particle soclidification
bohavior accerding to the phase diagram would bhe unlikely to resuit in the

spheroidal 2(Cad): l“eZO3 inclusions observed. The lowest melting phase

—

in the particles would appear to be the {ron-calcium-containing phase of
which the spheroidal {nclusicus seem to be made. This might suggest that
the prasumably more refractory particle coating was acquired after
solidificetion and particle agglomeration occurred, Certainly, much

inforrnaticn abnut fallout formation phesnomena can and needs to be derived

et ma - AU M S s o e

irom ceramic particle studies such aws those described here.
Study of ti.e black spheroidal particles provides more {nsight Liito
the fate of the sreding lements. Over 40 black spherical particles have

been wubjected to microprobe {nvestigation. This group of particles can

b”m-—. ——— .

bo classifind ae two magnetite particles (Fe ) which ere very low {n

194
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calcium and zeeding elements; a few particles exhibiting very unus.al
fcaturcs, suchas = maior aecretinn event: nine well formed. dense par:i(.';u.-
showing strong c¢vidernce of dendritic precipitation of a calcium {oxide) rich
phase; [ive more particles with many of the properties ol the nine particles
just described, but gencrally not as well formed; and ‘he remaining
particles, which appear to b= to 2 greate: or lesser deyvee porous pre-
cursars of the well formed, dense, dendritic type p  ticles. Sesding
elements have Leen found in many of there particles, ard the well [ormed,
dense particles characterized by their deadrites are relatively rich in
these elements.

Further consideration of the dendritic-type particles yieids very
interesting information. The refractory seeding elemente are found nearly

uniformly distributed in the prominent 2(CaQ)  Fe 03 phase of these

2
particles, and *he accompunying dendritic, high calcium (CaQ) zhase is

found to be nearly devold of seeding elernents, a8 would be expected if it
is a precipitated phase. Also, no th o particles appear to have the same
concentrations of seeding elements. The seading elements sulphur and
potassium behave soma'vhat differentlytrom the refraciory elemenis anc
generally seem to be found {n segregated areas, often near the surface of
a particle. Occasionally, one can distinguish seeding minerals theinselves
For instance, barium was found to be more concentrated in an area near
the surface of & dendritic-type particle, where the sulphur content waa
also high. Spots of silicon weire alsoc encountered. The conceatrationr
at wilch the seeding slements are present in the 2(CaQ)- 1"1!203 phasye of
these particles generally range up to a few percent {for a particular
olement. Some of theye particles contain several of these elurieats in
toletively high concentrations.

In Figs. 29, 20, and 31 the progreseion {rom porous, crickid
particles to dense, dendritic-type particles is showan. The particie shown

in Fig. 29 appears to be severely cracked and La» a large tear hole i the

centor The cracke are apparent even intho Ca Ka plcture, where cracks
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Fig. 29. 1Photograpis o & scvtivned black aphieroigal partcaie: v
{a) micsophotograph, (L) Ca Kg picture; o) ey piore

(d) St Ka picture
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{c) (d}

Fig. 30. Photographs of a sectioned olack spheroical particle:
(a) microphotogranh; (b) Ca Ky picture; (c) Fe Ky picture;
(d) Si K& picture
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Fig. 31. Pholographe of a sectioned dendritic black spheroidal
particle: (a) microphotograph; () Ca K picture; (¢} Fu Ky
plcture; (d) S. Ky picture
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Fig. 31. Thotographs of a sectoned dendritic black spheroidal
particle: (¢) Zr Ly pleture: (f] Ti Ky picture, 1) Ba L,
ploture (13 S Ke picture
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Fig. 31. Photographs of a sectioned dendritic black

sphereidul particle:

(1) Cl Ky picture; (j) K Ky picture
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must be fairly deep before they can be observed. Note that the tear hole
detail does not appear clearly in the Ca Ka picture but does in the Fe Ka
picture. In the 5i Ka picture of this particle, a few small high-silicon
specks appear on the sectioned face. Figure 30 shows a particle with few
dendrites, some cracking, and silicon spots. The silicon, however, does
show some tendency toward homogeneity. The particle shown in Fig. 3la
exhibits a well formed dendritic structure. Most of the seeding elements
have been easily detected in this particle. Figures 31b through 31j show
elemental distributions. The Ca Koz picture and the Fe Ka picture indicate
that the dendrites are a calcium-rich, nearly iron-free phase (CaO), while
the matrix is apparently a 2(CaO)- Fe203 phase. The dendrites suggest
that the particle, whose total composition is rich on the CaO side of
2(CaQ): Fe203, was at one time molten. On cooling, the CaO dendrites
probably precipitated until reaching the temperature at which the . “ectic
matrix solidified. The eutectic matrix is indeed close to 2(CaO)- FeZO3

21)

in composition. The refractory seeding elements silicon, zirconiun,
titanium, barium, and aluminum (not shown) have been found in the

2(Ca0)- Fe O3 paase and, within the sensitivity of the probe, are rot found

2
in the CaO phase. This does not seem to conflict with the proposed mode
of formation. The seeding elements potassium and sulphur (and chlorine)
have also been traced in this particle. These elements are associated with
a surface feature; the potassium and chlorine also appear together in one
spot internally in the particle; and chlorine in particular appears to some
extent in spots throughout the particle. These latter two features are

in conflict with the statement that the whole particle was molten. However,
since the particle structure is so well defined, it is perhaps plausible that
the high potassium and chlorine spots are a contamination problem. The
surface feature containing the sulphur, potassium, and chlorine has
probably been agglomerated and is not inconsistent with the previous

melting argument. If t© melting argument is accepted for the case of

this particle, it is easy to believe that the particle in Fig. 29 did not
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experience this phenomenon since it does not exhibit a well formed
dendritic structure and the distribution of the silicon is uneven.

Figure 32 shows more detailed pictures of a repolished surface ot
the particle shown in Fig. 31. Whereas most of the microprobe pictures
in this report were taken of a 250-u square, these pictures were taken of
a 50-p square. The Ca Ka pictures demonstrate the difference in the
calcium concentrations found in the matrix and the dendrites. The Fe Ka
picture indicates that the dendrites are low in iron. The Si Koz and the
Ti Ka pictures suggest a high distribution coefficient for these elements
favoring the iron phase. The Zr La and Ba Loz pictures might seem to
suggest a slightly lower distribution coefficient, as there is measurable
response from the low iron areas; however, muchof this signal appears
to correspond to background. Some correspondence between barium and
sulphur (BaSO4) is demonstrated in these pictures at the surface of the
particle, where the barium and sulphur signals are high. Note that sulphur,
1 volatile element, is not detectible except at the surface of the particle.

In Fig. 33 the particle with the most extensive dendrite structure
encountered is shown. These apparently hexagonal, Christmas-tree-like
dendrites are also a high calcium, low iron phase. Whil: this particle is
not highly loaded with seeding elements, it is apparent in the high magni-
fication pictures of some of the dendrites that at least silicon and titanium
are associated with the 2(CaQ)- Fe203 phase. In the lowcr magnification
pictures the agglomerated and small high iron particles in the coating are
noteworthy, as is the dendritic structure.

The information on elemental composition derived in the study of
the black spheroids is summarized in Table 4.

There would seem to be two processes by which the seeding elements
could be transported to an incipient fallout particle during fallout formation:
(1) condensation from the gas phase and (2) agglomeration of particulate |
matter by a fallout particle. Occurrence of either of these processes while

oY

» fallout particle matrix was molten and very mobil» could lead to nearly
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Fig., 32, Photographs of &4 sectioned dendritic bluck spheroidal
particle: (a) microphotograph; (b) Ca Ky picture; ¢) Fe Ky
picture; (d) Si Ky plcture
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() (h)

Fig. 32. Photogruphs of a sectioned dendritic black spheroidal
pevticle. (e) &r Ly piotare; (£) 1 Kg pioture; (g) Ba Ly
picture; (h) 8 Ky picture
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g, 33, Photographe of a dendritic black spheroldal particle:
(«) microphotograph; (b) Ca Ky piciure; (¢) e Ky plcture;
(d) Ca Ky pleture
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Fig. 33, Photographs of a deadritlc black spheroidal particle:
(o) Fo Ky pletures (f) SUKy pleture; (g) Ti Ky pleturc
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homogeneous distribution of refractory seeding elements in the fallout
particles. However, if the gas phase condensation is the important process,
the gases in this case were certainly not uniformly mixed, since the ‘
particies are generally not similarly loaded. While it is reasonable that
the gas phase was not uniform, it seems at least likely that most of the
refractory seeding elements have been abscrbed intc the molten particle
mainly by the process of agglomeration. This is strongly indicated by the
spots of seeding elements in the particles which apparently have not
experienced as drastic a thermal history as have the well formed, dendritic
particies.

It is enlightening to reconstruct the histories of the various particles
studied. First, the magnetite particles, which should have a melting point
of around 1870°K, (21) apparently were not exposed to much hot coral. They
must have been formed from the tower and remained in a regicrn essentiall-
devoid of calcium. It is thus likely that these particles were thrown out
of the fireball at early times. The well formed dendritic particles
encountered considerable amounts of material from the tower and also
from the ground. They must have been completely molten {the melting
point of 2(CaO)- Fe203 is 145007:((1 1)) for a relatively long time to uniformly
pick up seeding elements. The well formed, large dendrites would seem
to indicate relatively slow cooling rates. The observed coatings apparentiy
were laid down after the particles were formed. Other black particles
which have small spots of seeding elements rather than dissolved, well
distributed large quantities and lack the well formed CaO dendrites, were
therefore probably exposed to lesser ternperatures for shorter times
when the seeding elements were incorporated. The melted, high calcium
particles must have encountered a high thermal flux, but the seeding
elements were apparently overwhelrned by the amount of ceral sand
available in the formation of this type of fallout particle. The irregular,

high calcium particles were only partially melted, apparently having




been exposed to thz mildest temperature histories of any set of recognized

fallout particles.

To summarize, it is apparent from the studies discussed above
that one should expect to observe particles irom a nuclear detonation
near a land surface which have widely different compositions reflecting
the inhomogeneities of the iand surface, inhornogeneities in the cloud,

and a considerable degree of agglomeration.




SIMULATED FALLQUT STUDIES
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Since the diﬂuaiop»condtﬁl‘u{tion model will require somac lzaching
phenomena description, it wac de;;iaed te .nvortigate thie problem. A
! cursory study was ‘initiatcd uaing stlicave £ with radioiodine tracer. The i
leaching data, wiiich are pregenied in this @ection, thus pertain to a l‘:
special cesa; & refractory matrix contulning hamt:.gonooully distribuzed | |
t : o ndiazquim o S 7 |
S : ~ A portior of the glul was nowderesd, pasced t}.rough a 100-mash
| screen, and dried at ~100 °¢. Weighed samples ware placed in double
¢ : . thickaeas No. 42 Whatman {iltar papers which were sypported in funnels
equipped for aliquoting from the tip. Periodically, 5 ml of leachant waere

E
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E

i | | . PARTICLE LEACHING STUDIES
F

!

4

o

 added following drairing of the pravious leachant, and the aliquot waa
mAdo up to £0 ml and gamrma analysed using roproducible geomatry.
I..uchi.nq wus carried out at room temperature without agitation. Because
| oi the low leaching rates, initial leaching times wers ahout 20 min, with
the Jongest axperixnent lasting 2 days. This htorwﬂ. would seum to be tha
most important biochemically following ingutton of particies. 7 SRR

i The following four leachants ‘were naed:

—“—
N

Lscchsnt  pH . Remarks
. Hrl ? To represont the human storrach
. Tap wates , - 8,3 Colorade River water
Dejonlzed wator 7 To repreven' rain water
‘ " NaOH 0] Fox comparisor !
g* Since a mrﬂ ¢t area measurement has act bun obtained for the prepnrcd
._1 sample, the r.sults can only be placed ona ruiprocal welght basle at

this tkns, By photamicrography, the parti~les were fou:: to be roughly

[  ‘| 100 u in "dlarne’er.
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The leachirg data are gshown in Fig. 34. It was au first felt that the ;
mechanism of leaching might pe diffusion-limited t~anspurt of the leackant
into the mutrix or of radioiodine out through the leachanat. If this were
the case. since only about 1% of the activity was removed, leaching should

1/

be proportional to t 2 (Fick's law). This dependence was not observed.

However, the data can be described by the Elovich equation, which has

(2
found -wide application in chemisorption:® 2)
dQ
— -CY s
3¢ - 2 exp(-aQ) (9)

where Q is the amount of material desorbed (sorbed), t is time, and a and
a are constants at fixed temperature. By assuming that Q = 0 whent = 0,

the integrated form can be written

aQ = log_e (1 +aat) . (10)

[ s

The present data can be fitted to Eq. (10) by using the values of a and P

given in Table 5.

Table 5
COEFFICIENTS FOR THE ELOVICH EQUATION AT 3OG°K

Leachant a x 10_2 a x 103

pH = 7 3.33 2.33
pH =10 2. 32 1. 25
pH 2 8. 77 1. 08
Tap water 6.62 1. 15

The data fitted in this manner are shown in Fig. 35, where it is
seen that ineir agreement with the Elovich equation is good. Leaching

- :
(23-25) Can also be fitted to this

dats rejorted by other laboratories
equation. The fact that leaching data can be fitted to the Elovich equatica,

at leas’ for short times, should be regarded as a phenomenological result
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Fig. 34. Leaching of radioiodine from powdered 1450°K eutectic
Ca0-A1,0,-5i0, doped with 1131

75




7
T 6 F 1
o
>
T st -

=
(&)
b4
Q.
Nt - 10

A L_ = ! .
o’

] 20

o MINUTES.
T
3 3 7
(V8
- |
<
o }
€ 2 N
< 1

] 1 { R N

] 2 3 L

LOG. (1 + «at) (t IN MIN)

Fig. 35, Leaching of radioiodine from powdered 1450°K eutectic

CaO -A1203 -SiOZ. The data have been fitted tothe Elovich equation




since the 100-u particles ware leached a depth cf about 0. ! u during the
tap water leach. The true leaching mechanism is not understood. Douglans
and Raman, (26} for instance, Jound a change in leaching mechantism from
tu2 to a lincar time dependency for leaching of sodium and potassium
from ailicatec. It also seems ponsible that the mechaniam derxends unon
the apecien being leached, The pH dependence of leaching found in the
prasent work is in good agreement with dependences found by ocher

authors. (27, 28)

EALLOUT PARTICLE STUDIES

The condunsed-state, diffusion-limited model of fisslon product

absorption during fallout formation suggests that the concentration gradients

of some radionuclides are very sharp. This ia the result axpected for
radiocecium, for exumple. The importance of di{fusion seems to be
confirmed by the cursory experiment described below.

. Sorne large silicate fallout particlas from shot Johnia Bay (supplied
by USNRDL) were microscopically axamined and divided into two sers:
coated particlas and uncc ited particles. Three particles were selected
from the uncoatsd set for an experimant. Thelr groas appearance was that
of a somewhat inhomogeneous, dark glass with obvious nodules of white
materinl on the surface. Radii, r, were about 0. C8 cm. The presence of
tadiccumm in the particles was established by gamma analysis ueing a
multichannel analyser and a Cl1 7 standard for reference. Atter the
particles were laached for | hr with 19% HCL, no significant loss of
cerl.m 'vas obasesved Leaching atudies were then made using 8% HF
with subsegquent washing, drying at 110°C for 1 hr, gamma analysis, and

welghing on & microbalance. Microscopic examination of the particles

throuihout thie proccss showad a continuous, but not uniform, radial attack.

The experiment was concluded when the specimens lost thelr integrity.
Results obinined in thia experiment are shown in T'able 6 where the
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l ' relative average conceuntration, C, of cesium in the leached saction is - l
(%]
N

-3

- ety mm aem b o
tSU a7Eiuge Taliue) abky the

presenivd aciurding ib & calcula L by

- ~daea
L gare
weight loss. A concentration gradient is apparent in this table. Although
this gradient seems small compared with the model calculations, if a
uniform attack i3 assunied, it appears basically to support the model

phedomenology.

Table 6

COMPOSITE Cal37 PROFILES IN THREE
- JOHNIE BOY PARTICLES

¥ r/r B KC
4
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CLOUD CHEMISTRY PHENOMENOLOQGY ot

Since its {nception at General Atoraic, the present program has had ;o
as & goal the understanding and simulation of nuclear cloud chemistry. )
Studies have included measurements of the thermodynaniiens of condunsed

and gasvous phases, condensed state diffusivities, and elemental dia-
tributions in fallout. Investigations have been made of the kinetic processes..
agglomaration, condansation, and gaseous diffusion. Also, the reported
matheamatical fallout chemistry model has been conatructed as a portion

of this program.

These yame phenomena appear to be the most important for future
atudy, The proposed calculational model requires tc.lting against falloat
obsurvatiopal informatian, the effects of other phenomena rmust be evaiuated
critically, and further input {nformation s needed to psrmit the appropriate
calculations. |
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